Lower plant species including some green algae, non-vascular plants (bryophytes) as well as the oldest vascular plants (lycopods) and ferns (monilophytes) possess a unique aldehyde dehydrogenase (ALDH) gene named ALDH21, which is upregulated during dehydration. However, the gene is absent in flowering plants. Here, we show that ALDH21 from the moss Physcomitrella patens codes for a tetrameric NADP + -dependent succinic semialdehyde dehydrogenase (SSALDH), which converts succinic semialdehyde, an intermediate of the c-aminobutyric acid (GABA) shunt pathway, into succinate in the cytosol. NAD + is a very poor coenzyme for ALDH21 unlike for mitochondrial SSALDHs (ALDH5), which are the closest related ALDH members. Structural comparison between the apoform and the coenzyme complex reveal that NADP + binding induces a conformational change of the loop carrying Arg-228, which seals the NADP + in the coenzyme cavity via its 2 0 -phosphate and a-phosphate groups. The crystal structure with the bound product succinate shows that its carboxylate group establishes salt bridges with both Arg-121 and Arg-457, and a hydrogen bond with Tyr-296. While both arginine residues are pre-formed for substrate/product binding, Tyr-296 moves by more than 1 A. Both R121A and R457A variants are almost inactive, demonstrating a key role of each arginine in catalysis. Our study implies that bryophytes but presumably also some green algae, lycopods and ferns, which carry both ALDH21 and ALDH5 genes, can oxidize SSAL to succinate in both cytosol and mitochondria, indicating a more diverse GABA shunt pathway compared with higher plants carrying only the mitochondrial ALDH5.
INTRODUCTION
Bryophytes form a large group of non-vascular plants including mosses, liverworts and hornworts. They represent an important transition step in the conquest of land and they retain a significant drought tolerance. Because of their ability to recover from harsh damages during drying and rehydration, they might provide answers to how the first land plants managed to avoid damages from drying out (Proctor et al., 2007) . The moss Physcomitrella patens, an early colonist of the earth, carries two distinctive aldehyde dehydrogenase (ALDH) genes named ALDH21 and ALDH23, whose homologs have been lost during evolution of vascular plants (Wood and Duff, 2009 ). ALDHs constitute a superfamily of NAD(P) + -dependent enzymes, which detoxify aldehydes produced in various metabolic pathways. They catalyze the oxidation of aldehydes to the corresponding carboxylic acids. So far, plants comprise 13 ALDH families and five families, namely ALDH11, ALDH19, ALH21, ALDH22 and ALDH23, are unique to plants (Brocker et al., 2013) . ALDH sequences sharing more than 40% identity belong to the same family. The family number is followed by a letter representing the given subfamily and another number for the individual gene within that subfamily.
The expression of ALDH21 gene is strongly induced by a desiccation and turns back upon rehydration in the twisted mosses Syntrichia (Tortula) ruralis and Syntrichia caninervis (Chen et al., 2002; Yang et al., 2012) . Recent studies have shown that the overexpression of ALDH21 in cotton and tobacco improves their drought and salt tolerance (Yang et al., 2015 (Yang et al., , 2016 . However, function of the enzyme as well as the reaction metabolites have not been reported so far. Former phylogenetic analyses have suggested its close relationship to the ALDH11 [non-phosphorylating glyceraldehyde-3-phosphate (GAP) dehydrogenase, GAPN; E.C. 1.2.1.9] and ALDH7 (D 1 -piperideine-6-carboxylate dehydrogenase, P6CDH; E.C. 1.2.1.31) families (Kirch et al., 2004; Wood and Duff, 2009; Brocker et al., 2013) . Plant cytosolic ALDH7 (Kotchoni et al., 2006; Shin et al., 2009) participates in the lysine catabolism and catalyzes the NAD + -dependent conversion of a-aminoadipate-semialdehyde (AASAL) to a-aminoadipate (Kon cit ıkov a et al., 2015), whereas cytosolic ALDH11 oxidizes GAP, exported from the chloroplast, to 3-phosphoglycerate in a NADP + -dependent manner. The latter reaction, unique to photosynthetic eukaryotes (Plaxton, 1996; Valverde et al., 1999) , bypasses that leading to 1,3-bisphosphoglycerate from GAP, which is catalyzed by phosphorylating glyceraldehyde-3-phosphate dehydrogenases (GAPDHs, E.C. 1.2.1.12; Rius et al., 2006) . The significance of the pathway involving ALDH11 is emphasized by five and six GAPN genes in genomes of moss P. patens and lycophyte Selaginella moellendorffii, respectively. In contrast, only one ALDH7 gene is present in these genomes (Brocker et al., 2013) . The NADPH formed in the GAPN reaction can be utilized in photorespiration (Scagliarini et al., 1990) or in mannitol biosynthesis via the action of a mannose-6-phosphate reductase converting mannose-6-phosphate to mannitol-1-phosphate. Mannitol represents the major carbohydrate produced by photosynthesis in celery leaves (Gao and Loescher, 2000) .
Recently, we analyzed both enzyme kinetics and crystal structures of plant ALDH2, ALDH7 and ALDH10 family members from pea, maize and tomato (Tylichov a et al., 2010; Kope cn y et al., 2011 Kope cn y et al., , 2013 Kon cit ıkov a et al., 2015) . Here, we investigate the structure-function relationships in the plant ALDH21 family represented by a single member, which can be found in some lower plant species including green algae from both chlorophyta and charophyta divisions, bryophytes, lycopods and ferns. We report a detailed analysis of the enzyme kinetics of P. patens ALDH21A1 (PpALDH21), showing that the preferred substrate and coenzyme are succinic semialdehyde (SSAL) and NADP + , respectively. According to our structural and phylogenetic analyses, the closest relatives of the ALDH21 family are plant succinic semialdehyde dehydrogenases (SSALDHs; EC 1.2.1.24) belonging to the ALDH5 family and participating in the c-aminobutyric acid (GABA) shunt (Bouch e et al., 2003; Fait et al., 2008) . Whereas ALDH5 proteins are mitochondrial, PpALDH21 is localized in the cytosol as found by our analysis of the ALDH21-green fluorescent protein (GFP) fusion expressed in Physcomitrella protoplasts. A structural comparison among the three crystal structures of PpALDH21 (the apo-form, coenzyme complex and product complex) reveals conformational changes upon the coenzyme and product/substrate binding. The role of key residues involved in the substrate and coenzyme recognition was assessed by a site-directed mutagenesis. We can state that two arginine residues at positions 121 and 457 are both essential for the catalytic activity of ALDH21 and for the binding of SSAL.
RESULTS AND DISCUSSION

Appearance of the ALDH21 gene and phylogenetic analysis
The complete sequence of ALDH21 is present in the genomes of the green algae Coccomyxa subellipsoidea and Klebsormidium flaccidum, bryophytes (P. patens, Sphagnum fallax, Tortula ruralis, S. caninervis) and lycopods (S. moellendorffii). Various fragments of ADLH21 sequence can also be retrieved in incomplete genome sequences of the four ferns (monilophytes) Ceratopteris richardii, Pteridium aquilinum, Plagiogyria formosana and Dipteris conjugata (Wolf et al., 2015) . In contrast, the gene is absent in known genomes of flowering plants (spermatophytes).
ALDH21 sequence can be found in genomes of certain bacteria and protozoa, including Acanthamoeba spp. A phylogenetic analysis conducted in this work (Figure 1) shows that the whole ALDH21 clade is closely related to the ALDH5 clade (and thus unrelated to ALDH7 or ALDH11 families). ALDH5 orthologues are found in bacteria and various plant species, including algae, bryophytes and flowering plants. The tree shows that green algae such as Coccomyxa and Klebsormidium, bryophytes and lycopods carry both ALDH5 and ALDH21 genes. The Physcomitrella genome contains two genes, ALDH5F1 and ALDH5F2, composed of 19 and 20 exons, respectively (Brocker et al., 2013) , while ALDH21A1 gene is composed of 8 exons, located at chromosome 1 and codes for a protein of 497 amino acids.
ALDH5 members catalyze the oxidation of SSAL to succinic acid in mitochondria (often annotated as SSDHs, SSADHs or SSALDHs; Figure 2a) Jang et al., 2014) or cyanobacterium Synechococcus (Park and Rhee, 2013; Yuan et al., 2013) with a preferred NADP + as a coenzyme are classified under the E.C. number Figure 1 . An unrooted phylogenetic tree of succinic semialdehyde dehydrogenases (SSALDHs). The tree reveals the clustering of SSALDHs into two distinct clades ALDH5 and ALDH21. ALDH21 sequences (grouped in a green rectangle) include those of Physcomitrella patens (PpALDH21), and others are listed in Materials and methods. ALDH5 sequences (grouped in a blue rectangle) include those of deeply studied human, potato, Arabidopsis and barley enzymes. In cases for which the enzyme kinetics have been analyzed, the species name is colored in line with the coenzyme preference either in red (for NADP + ) or blue (for NAD + ). The dot color at each species name indicates the probable coenzyme preference based on the presence of specific residues involved in NAD(P) + binding. Bacterial sequences that do not belong either to ALDH21 or ALDH5 family are also shown. (Fuhrer et al., 2007; Zheng et al., 2013) , are mainly classified under E.C. number 1.2.1.16. These bacterial enzymes, except for the GabD protein from E. coli or Pseudomonas spp., display a sequence identity lower than 40% to both ALDH5 and ALDH21 family enzymes (Figure 1 ).
Substrate specificity and role of ALDH21 family
A large screening study was performed with various putative aldehyde substrates at 1 mM concentration, and using both NAD + and NADP + as coenzymes ( Figure 2b (Yamaura et al., 1988; Satyanarayan and Nair, 1989; Busch and Fromm, 1999) . A K m value of 40 lM for NAD + was reported for human ALDH5 (Ryzlak and Pietruszko, 1998 (Cash et al., 1978; Yamaura et al., 1988; Satyanarayan and Nair, 1989; Ryzlak and Pietruszko, 1998 Table 1 ).
Crystal structures of ALDH21 -overall fold
The crystal structures of five SSALDHs have been published: the human ALDH5A1 (PDBs 2W8N, 2W8O, 2W8P, 2W8Q and 2W8R; Kim et al., 2009 ) and the four bacterial enzymes from E. coli (PDB 3JZ4; Langendorf et al., 2010) , S. pyogenes (PDBs 4YWU, 4OHT and 4OGD; Jang et al., 2014) , S. typhimurium (PDBs 3EFV and 3ETF; Zheng et al., 2013) and Synechococcus sp. PCC 7002 (PDBs 3VZ1, 3VZ2, 3VZ3; Yuan et al., 2013; 4ITA, 4ITB and 4IT9; Park and Rhee, 2013) . To characterize the substrate and the coenzyme specificity of the first ALDH21 member, we solved the crystal structures of the PpALDH21 apoform and its coenzyme and product complexes (Table 2 ). In the asymmetric unit, PpALDH21 assembles as a tetramer typical for other ALDH families as validated by PISA software (Krissinel and Henrick, 2007) . The calculated buried area formed upon the tetramer formation is 24 900 A 2 (free energy gain of À35 kcal mol À1 ) compared with 8200 A 2 for a dimer (free energy gain of À8 kcal mol À1 ). The tetrameric form in solution with a molecular mass value of 212 AE 6 kDa was also confirmed by gel permeation chromatography (monomer of 56.5 kDa including the His-tag). A structural comparison using PDBeFold (http://www.ebi.ac.uk/msd-srv/ssm/) shows that the PpALDH21 monomer resembles that of E. coli SSALDH (Langendorf et al., 2010) with a root-mean-square deviation (RMSD) of approximately 1.30 A (PDB ID 3JZ4) and that of the mitochondrial human ALDH5A1 with an average RMSD of 1.50 A (PDB IDs 2W8Q, 2W8P, 2W8O and 2W8R; Kim et al., 2009) . Interestingly, PpALDH21 as well as the human and E. coli SSALDHs are tetrameric, while those from Streptococcus and Synechococcus, sharing a lower sequence identity with PpALDH21, are dimeric. The four monomers of the PpALDH21 apoform are very similar to each other, with an average RMSD of 0.15 A. Each monomer displays the classical ALDH fold consisting of a catalytic domain (residues 269-455), a coenzyme binding domain (residues 17-137, 162-268, 456-483) and an oligomerization domain (residues 138-161 and 484-497), which wraps over the groove between the catalytic and coenzyme domains of the other monomer forming the dimer (Figure 3a ).
The structure of PpALDH21 complexed with the product succinate
In general, an aldehyde substrate is hard to trap in a WT-ALDH crystal because the coenzyme binding precedes that of the substrate, which triggers the catalytic reaction. An approach using a reaction product like glutamate or a-aminoadipate in the absence of the coenzyme has successfully been applied for mouse ALDH4A1 and human ALDH7A1, respectively (Srivastava et al., 2012; Luo and Tanner, 2015) . A dissociation constant (K D ) value of 4.9 AE 0.7 mM for succinate was determined by a microscale thermophoresis (MST). Soaking succinate (at 20 mM concentration) into the PpALDH21 apoform crystals allowed the determination of the complexed structure, which provides an insight into the substrate recognition and SSAL preference in the ALDH21 family. The tetramer of the PpALDH21 complexed with succinate is almost identical with that of the apoform with a RMSD of 0.16 A. A funnel-shaped substrate channel is at the interface of the catalytic and co-enzyme binding domains of one monomer and the oligomerization domain of the other monomer within the dimer (Figure 3b ). Its surface is rich in arginine residues (Arg-148, Arg-492 and Arg-289), which guide the negatively charged carboxylate group of SSAL further down into the narrow active site.
Inside the active site, both Arg-121 and Arg-457 establish salt-bridges with one carboxylate group of succinate, which also interacts with the flexible side-chain of Tyr-296 ( Figure 3c ). Indeed, while in the apoform this tyrosine residue is H-bonded to the OG atom of Ser-301, in the presence of SSAL it moves by more than 1 A to establish the binding to the carboxylate group as well as to the guanidyl group of Arg-121. This movement seals the pocket and leaves it inaccessible to the solvent. Unlike Tyr296, both arginine residues are kept in a very rigid position via direct and water-mediated interactions with the conserved Asp-459 and Glu-474, respectively. The Arg-121 residue makes a salt-bridge to Asp-459 residue, which itself is fixed by an interaction with His-179 and Asn-175. Both Arg-121 and Arg-457 are essential for catalysis, as R121A and R457A variants display 800-fold lower k cat values compared with WT (approximately 0.02 sec À1 versus 15.8 sec À1 ; Figure 3d) , reducing the catalytic efficiency to 0.1 and 0.2% when compared with the WT (k cat /K m ratios; Table 1 ). On the contrary, the Y296A variant is only slightly affected as it displays a k cat value of 5.7 sec À1 , which is 2.8-fold lower compared with WT. The N175A mutation has a minor effect lowering the catalytic efficiency by 10-fold. The other c-carboxyl group of succinate (formed upon SSAL oxidation) establishes a hydrogen bond with the OG atom of Ser-301, the amide nitrogen atom of the catalytic Cys-302 and the ND2 atom of Asn-171. The latter two groups are well known to form an oxyanion hole stabilizing the intermediates (Steinmetz et al., 1997; Kope cn y et al., 2013) . As expected, the catalytic Cys-302 adopts the resting conformation meaning that its side-chain is torsioned away from the succinate product.
In human SSALDH (ALDH5A1; Kim et al., 2009) , the substrate SSAL was trapped in the active site using the inactive C340A mutant. The carboxylate group of SSAL binds to the side-chains of Ser-498, Arg-213 and Arg-334 (Figure 3e) . However, a structure-based sequence alignment shows that these positions do not correspond to those of Arg-121, Tyr-296 and Arg-457 in PpALDH21 involved in SSAL binding (Figure 3f) . A peculiar feature of the ALDH5 family is the presence of a second cysteine (Cys-342) in proximity of the catalytic Cys-340 allowing a reversible disulfide bond formation in response to redox status leading to the rearrangement of a 10 amino-acids loop that blocks the substrate channel . However, there is no such cysteine in the ALDH21 family. (Figure 4d ), ALDH10 or ALDH2, prefer NAD + as they possess a conserved glutamate residue at the equivalent position, which repulses and clashes with the negatively charged oxygens of the 2 0 -phosphate group. The human ALDH5A1 lysine residues, and with no other residue involved (Langendorf et al., 2010; Park and Rhee, 2013; Yuan et al., 2013) . However, these two SSALDHs formally do not fulfill the criteria to be included into the ALDH21 family as they display less than 40% sequence identity to other members. On the contrary, a majority of ALDH5 family members comprise the glutamate residue (Glu-231 in human ALDH5A1 numbering), in line with the demonstrated NAD + preference and classification under the E.C. number 1.2.1.24 (Figure 1 ). One exception is a bacterial subgroup, which has a serine residue at the equivalent position resulting in the NADP + preference (E.C. number 1.2.1.79) as shown for the SSALDH from E. coli (Langendorf et al., 2010) .
GABA shunt and putative role of cytosolic ALDH21
In plants, mitochondrial ALDH5 participates in the highly conserved pathway known as the GABA shunt, which allows for bypassing two steps in the tricarboxylic acid (TCA) cycle. GABA is synthesized from glutamate via a glutamate decarboxylase (GAD, E.C. 4.1.1.15) in the cytosol. An alternative pathway from polyamines to GABA is catalyzed by copper-containing amine oxidases (Fincato et al., 2011; Planas-Portell et al., 2013) and/or FAD-dependent amine oxidases followed by aminoaldehyde dehydrogenases (ALDH10 family; Tylichov a et al., 2010; Kope cn y et al., 2013; Zarei et al., 2016) . Once GABA enters mitochondria, it is converted to SSAL via a GABA transaminase (GABA-T; E.C. 2.6.1.19; Clark et al., 2009a) , which in turn is oxidized by ALDH5 to succinate, which enters the TCA cycle. Mammalian and bacterial GABA-T enzymes use 2-oxoglutarate, while plant isoforms utilize both pyruvate and glyoxylate as amino acceptors (Clark et al., 2009a,b) . We analyzed the subcellular localization of PpALDH21 by transient overexpression of a C-terminal GFP fusion construct in Physcomitrella protoplasts followed by a confocal laser-scanning microscopy. The PpALDH21-GFP fusion protein displays a diffuse signal in the cytosol, as does the GFP-control itself (Figure 5a ). The finding is consistent with both the lack of a targeting leader sequence and a cytosolic localization predicted by WoLF PSORT (https://wolfpsort.hgc.jp), YLoc (Briesemeister et al., 2010) or Predotar software (Small et al., 2004) . This observation suggests that bryophytes, but presumably also some green algae, lycopods and ferns, which carry both ALDH21 and ALDH5 genes, can oxidize SSAL to succinate in cytosol (and produce NADPH) and mitochondria (and produce NADH), while higher plants carrying only the ALDH5 gene are capable of oxidizing SSAL only in mitochondria.
Abnormal phenotypes have been reported for Arabidopsis aldh5 mutants in two different studies (Bouch e et al., 2003; Toyokura et al., 2011) . These mutants formed abaxialized and adaxialized leaves, and were dwarfed and sensitive to light and heat with enhanced accumulation of reactive oxygen intermediates and necrosis lesions. It has therefore been suggested that SSAL or its derivatives affect the adaxial-abaxial polarity and thus leaf patterning. Interestingly, aldh5 mutants displayed increased levels of GABA and reduced levels of succinic acid, whereas SSAL levels were not elevated as expected (Toyokura et al., 2011) . This finding implies a tight control of SSAL levels in the plant cell. SSAL can be alternatively reduced to c-hydroxybutyrate (GHB) by an NADPH-dependent GHB dehydrogenase, which is stimulated under stress conditions (Breitkreuz et al., 2003; Allan et al., 2008) . The enzyme has been renamed to a glyoxylate reductase (GLYR) due to a higher affinity for glyoxylate (Hoover et al., 2007) . There are two GLYR isoforms (cytosolic GLYR1 and chloroplastic GLYR2) in plants (Figure 5b ), which detoxify SSAL and glyoxylate that escape from the GABA cycle in mitochondria and the glyoxylate cycle in peroxisomes Ching et al., 2012) . Therefore, SSAL conversion may not be restricted to mitochondria, meaning that SSAL can move between mitochondria, cytosol and chloroplasts through some well-known succinate transporters such as the succinate/ fumarate carrier (SFC; Catoni et al., 2003) , the dicarboxylate/tricarboxylate carriers (DTC; Picault et al., 2002) and the dicarboxylate carriers (DIC; Palmieri et al., 2008) , or yet an unknown transporter. Also GABA-T activity, leading to the production of SSAL, was thought to be localized in mitochondria. Nonetheless, two studies revealed that rice and tomato GABA-T isoforms exist in cytosol and plastids (Clark et al., 2009b; Shimajiri et al., 2013) . Therefore, SSAL may also be produced in these two compartments and further degraded into GHB by GLYR isoforms.
The presence of the ALDH21 gene in lower plants, which has been shown upregulated by drought and abscisic acid in moss (Chen et al., 2002; Yang et al., 2012) , means that GABA shunt reactions from glutamate to succinate might appear in cytosol in addition to mitochondria making the GABA shunt pathway much more diverse (Figure 5b ). ALDH21 is a succinic semialdehyde dehydrogenase 239 Although lower plants like Physcomitrella and Sphagnum possess two GABA-T enzymes, their cellular localization cannot reliably be predicted and remains to be determined. Succinate very likely reenters the TCA cycle in mitochondria via the SFC/DTC/DIC transporters, and is further oxidized by a succinate dehydrogenase to fumarate. This enzyme is also an entry point to the electron transport chain. Therefore, the GABA shunt is considered as an adaptive mechanism for maintaining the rate of mitochondrial respiration via the succinate supply. Furthermore, it is well known that the GABA shunt and the TCA cycle are interlinked and fine-tuned. The GABA shunt is therefore linked with the metabolism of amino acids and lipids, the carbohydrate metabolism, glycolysis and the pentose phosphate pathway (Fait et al., 2008) . For example, disrupted GABA uptake into mitochondria resulted in an upregulation of the TCA cycle in GABA permease mutants. On the other hand, an inhibition of the TCA cycle resulted in elevated flux through the GABA shunt (StudartGuimarães et al., 2007; Ara ujo et al., 2008) . The GABA shunt is also essential for plant growth under the limiting carbon conditions (Michaeli et al., 2011) , and its activity is elevated in response to various biotic and abiotic stresses (reviewed in Fait et al., 2008; Shelp et al., 2012) . A darkinduced starvation in Arabidopsis leads to the accumulation of GABA and succinate, as well as an upregulation of ALDH5 gene, implying an induction of the GABA shunt (Caldana et al., 2011) . At the moment, we may only hypothesize on the effects of the ALDH21 upregulation during dehydration in moss. One simple possible explanation could be that lower plants use the cytosolic bypass of the GABA shunt to recycle the NADPH, which in turn is consumed in other reactions such as a glutathione regeneration (via glutathione reductase). Glutathione is consumed upon neutralizing reactive oxygen species released during stress like desiccation. Nonetheless, the exact reason for the compartmentation of both SSALDHs (ALDH5 and ALDH21) deserves further investigation.
EXPERIMENTAL PROCEDURES
Cloning, expression and purification of ALDH21 from Physcomitrella Total RNA was isolated from Physcomitrella ('Gransden 2004' strain) at the protonema stage using the RNAqueous kit and plant RNA isolation aid, and treated twice with the Turbo DNase-free kit (all from Thermo Fisher Scientific, www.thermofisher.com). The cDNA was synthesized using Superscript III RT (Thermo Fisher Scientific) and oligo dT primers. The sequence coding for PpALDH21 (999 bp) was amplified using gene-specific primers with SacI and KpnI sites (5 0 -CAAGAGCTCAATGACGCTCGGCCA-TAT-3 0 , 5 0 -ATCGGTACCTTACAAGGTTCCAACATTCC-3 0 ) and the Accuprime Pfx polymerase (Thermo Fisher Scientific). The gene was further cloned into a pCDFDuet vector from Merck (www.me rckmillipore.com) and then transformed into T7 express E. coli cells (New England Biolabs; www.neb.com) . Protein production was carried out at 20°C overnight. ALDH21 was purified on a HisPur Cobalt Spin Column (Thermo Fisher Scientific) and further on a HiLoad 26/60 Superdex 200 column (GE Healthcare scientific, www.gelifesciences.com) into 20 mM Tris-HCl buffer, pH 8.0, 100 mM NaCl and 2% (w/v) glycerol. Protein content was measured using the Coomassie plus (Bradford) protein assay kit with bovine serum albumin (BSA) as a standard (Thermo Fisher Scientific).
Phylogenetic analysis
Amino acid alignment was performed with MUSCLE (Edgar, 2004) , treated with Gblocks (Castresana, 2000) , and then the maximum likelihood phylogeny with bootstrap analysis was performed with PhyML v3.0 using LG amino acid replacement matrix (Guindon et al., 2010) . Sequences were retrieved from the GenBank, Phytozome and UniProt databases. ALDH21 sequences comprise those of P. patens (PpALDH21, A9SS48), C. subellipsoidea (I0YNL0), S. moellendorffii (SmALDH21A1, D8SCD0), S. caninervis
, Thalassolituus oleivorans (CCU73166), Perkinsus marinus (XM_002780288), Glaciecola nitratireducens (AEP30950) and Alcanivorax pacificus (AJD47585).
ALDH5 sequences include those of E. coli (GabD, P25526), Methylobacterium nodulans (ACL62448), Pseudomonas (ANJ53709), Cupriavidus necator (AF175740), Ostreococcus lucimarinus (A4S0Y9), Micromonas commoda (C1E8Z2), Dunaliella salina (Dusal.0292s00004), C. subellipsoidea C-169 (I0Z967), Chlorella variabilis (E1Z419), K. flaccidum (kfl00722_0010), S. moellendorffii (SmALDH5F1, D8QTT0), Marchantia polymorpha (Mapoly0091s0004), P. patens PpALDH5F1 and PpALDH5F2 (A9RFE9, A9TPC4), S. fallax (Sphfalx0090s0078), Spirodela polyrhiza (Spipo14G0047100), Zostera marina (Zosma142 g00170), Hordeum vulgare (HvALDH5, AK248458), Oryza sativa OsALDH5F1 (B9F3B6), Zea mays (ZmALDH5F1, B6SLU3 and ZmALDH5F2, B6TPI6), Prunus persica (Prupe.4G128100), Glycine max (GmALDH5F1, Glyma.08G163700 and GmALDH5F2, Glyma.15G263500), Vitis vinifera (VvALDH5F1, XP_002265514, VvALDH5F2, XP_002265402 and VvALDH5F3, XP_002265354), Nicotiana tabacum (A0A076KWH0), Solanum lycopersicum (SlALDH5, Solyc09 g090700), Solanum tuberosum (StALDH5, XP_006354426), Populus trichocarpa (PtALDH5F1, B9HYB6), Salix purpurea (SapurV1A.0093s0210), Arabidopsis thaliana (AtALDH5F1, Q9SAK4), Brassica rapa (Brara.G03666), Gossypium raimondii (Gorai.002G110500), Theobroma cacao (Thecc1EG033675), Homo sapiens (HsALDH5A1, P51649) and Mus musculus (MmALDH5A1, Q8BWF0).
Other SSALDH sequences include those of S. pyogenes (GabD, A0A0J9X1M8), E. coli (YneI, P76149), Synechococcus (B1XMM6) and S. typhimurium (YneI, Q8ZPI3). Partial sequences were found in fern genome database (http://digitalcommons.usu.edu/fern_ge nome/2/): contig_217240 for C. richardii, contig_377646 for D. conjugata, contig_632698 for P. aquilinum and contig_52016 for P. formosana.
Site-directed mutagenesis of PpALDH21
All mutants were cloned using tail-to-tail oriented phosphorylated primers, with the mutation being located at the 5 0 -end of one of the primers by a polymerase chain reaction in 30 cycles. The following mutants were cloned: R121A (5 
0 , 5 0 -P-GCGAAACCCCCGTTGATCAACCTT-3 0 ) and R457A (5 0 -P-GCAGTTGACAGTCAGCCATA-3 0 , 5 0 -P-CAAAGCTGGAGAGT-CATTTAG-3 0 ). The products were treated with the DpnI, gel purified and ligated using the T4 DNA ligase from Promega (www. promega.com). The clones were transformed into T7 express competent cells from New England Biolabs (www.neb. com). Mutant proteins were screened for the expression of the His-tagged protein by NuPAGE (www.thermofisher.com) and using activity measurements.
Enzyme kinetics and circular dichroism (CD) spectroscopy
Enzyme activity was measured by monitoring the NAD(P)H formation (e 340 = 6.22 mM À1 cm À1 ) on an Agilent UV-Vis spectrophotometer 8453 (www.agilent.com) at 30°C. Britton-Robinson buffers in the pH range of 6-10 and adjusted to a constant ionic strength of 0.15 M were used to determine pH optimum. The reaction mixture contained 150 mM Tris-HCl buffer at pH 8.2 (pH optimum) and 1.5 mM NADP + . Substrate screening was done upon addition of various aldehydes at a final concentration of 1 mM. Saturation curves for NAD + and NADP + coenzymes were measured using 2.0 mM SSAL. The kinetic constants K m and k cat were determined using GraphPad Prism 5.0 data analysis software (www.gra phpad.com; Table 1 ). Elementary aliphatic and aromatic aldehydes D-GAP and L-GAP, together with APAL and ABAL diethylacetals were purchased from Sigma-Aldrich (www.sigmaaldrich. com). SSAL was purchased from Santa Cruz Biotechnology (www. scbt.com); AASAL ethylene acetal was from Chiralix (www.chira lix.com). GRSAL was synthesized by oxidation of the D,L-2-aminoadipic acid with chloramine-T and further purified on Dowex 50 (Adams and Chan, 1971) . Free aldehydes APAL, ABAL or AASAL were prepared by heating their acetals in a plugged test tube with 0.2 M HCl for 10 min (Tylichov a et al., 2010) . The far-UV CD spectra of WT-PpALDH21 and its five variants at a concentration of 0.2 mg ml À1 were recorded on a JASCO J-815 spectropolarimeter (www.jascoinc.com) using a 0.1-cm quartz cell. A proper folding of the above variants was confirmed by CD spectroscopy.
Affinity and thermostability determination
The MST method was used to determine binding affinities of WT and R228A variant for NADP + and NAD + ligands. Both proteins were fluorescently labeled using the RED-NHS labeling kit containing the dye NT-647 from NanoTemper Technologies (www.nanote mper-technologies.com) using a molar dye/protein ratio of 2/1. The labeled proteins were adjusted to 20 nM with MST buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl and 10 mM MgCl 2 ) supplemented with 1 mg ml À1 BSA. A series of 16 1:1 ligand dilutions was prepared using the identical buffer, producing ligand concentrations ranging from 20 mM to 610 nM, and protein at a final concentration of 10 nM. Measurements were performed on a Monolith NT.115 instrument (NanoTemper Technologies) at 25°C with 5 sec/30 sec/5 sec laser off/on/off times, respectively, with continuous sample fluorescence recording. The binding affinity of WT to succinate was determined on a Monolith NT.LabelFree instrument using 500 nM unlabeled PpALDH21 in MST buffer. Succinate concentrations ranged from 375 mM to 20 lM. Data of three independently pipetted measurements were analyzed. Thermostability was measured by nanodifferential scanning fluorimetry on a Prometheus NT.48 instrument (NanoTemper Technologies) in a range from 20 to 95°C and with a heating rate of 1°C min
À1
. Protein unfolding was measured by detecting the temperature-induced change in tryptophan fluorescence intensity at emission wavelengths of 330 and 350 AE 5 nm. Samples of WT and mutant variants [in 20 mM Tris-HCl buffer, pH 8.0, 100 mM NaCl and 2% (w/v) glycerol] were diluted to a final concentration of 10 lM and measured in triplicate. Data analysis was performed using NT melting control software. The melting temperature (T m ) was determined by detecting the maximum of the first derivative of the fluorescence ratios (F350/F330) after fitting experimental data with a polynomial function.
Crystallization and structure determination
Crystallization conditions were found using the PEG II screen from Qiagen (www.qiagen.com). Crystals were obtained in hanging drops by mixing equal volumes of a precipitant solution containing 26-30% (w/v) PEG 2000-MME and a protein solution containing pure ALDH21 at 14 mg ml À1 in 20 mM Tris-HCl buffer, pH 8.0, 100 mM NaCl and 2% (w/v) glycerol. Crystals grew up at 20°C in 3 days. The product complex was obtained by infiltration of the apoenzyme crystals with 20 mM sodium succinate for 1 h. Crystals of the NADP + complex were obtained using ALDH21 at 15 mg ml À1 with 1 mM NADP + in 100 mM Tris-HCl buffer, pH 8.0, which was equally mixed with 35% (w/v) PEG 2000-MME. Crystals were then transferred into the precipitant solution supplemented with 20% (w/v) glycerol for 1 min, and then directly flash-frozen in liquid nitrogen. Diffraction data were collected at 100 K on the Proxima 1 and 2 beamlines at the SOLEIL synchrotron (www.synchrotron-soleil.fr) using PILATUS 6M and EIGER X 9M photon-counting area detectors (www.dectris.com) at 2.15, 2.20 and 2.30 A resolution, respectively. Intensities were integrated and scaled using the XDS and XSCALE programs, respectively (Kabsch, 2010) , and data quality was assessed using the correlation coefficient CC 1/2 (Karplus and Diederichs, 2012) . The crystal structures were determined by performing molecular replacement with Phaser (Storoni et al., 2004) using the monomer of human ALDH5 (PDB ID: 2W8Q; Kim et al., 2009 ) as a search model. Models were refined with NCS restraints and TLS using Buster 2.10 (Bricogne et al., 2011) , and with ligand occupancies set to 1. Electron density maps were evaluated using COOT (Emsley and Cowtan, 2004) . MolProbity was used for structure validation (Chen et al., 2010) . Refinement statistics are presented in Table 2 . Molecular graphics images were generated using PYMOL v 1.8 (www.pymol.org). The asymmetric units of the apoform and succinate complex include four protein molecules forming a tetramer (chains A+B+C+D), which implies 49% solvent content and a V M of 2.44 A 3 Da
À1
. The asymmetric unit of the coenzyme complex includes four protein molecules forming two dimers (chains A+B and C+D), which imply 46% solvent content and a V M of 2.26 A 3 Da
.
Protoplast transformation and subcellular localization
The PpALDH21 gene was cloned into the pLNU-GFP vector from DNA Cloning Service (www.dna-cloning.com) using SpeI and BamHI restriction sites, and the resulting construct containing the PpALDH21 gene with GFP fused to its C-terminus was transferred into Physcomitrella protoplasts for a transient expression using PEG 4000 (Schaefer et al., 1991) . Protoplasts were grown at 25°C for 5 days prior to microscopy using a Leica SPE-II confocal microscope (http://www.leica-microsystems.com) and oil-immersion objective ACS APO 40.0 9 0.30. Argon laser was activated for GFP visualization using the excitation/emission settings of 488 nm/495 and 543 nm. Autofluorescence of chloroplasts was detected between 668 and 800 nm. The images were processed in Leica LAS AF software.
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